Advanced glycation end products (AGEs) are thought to contribute to the abnormal lipoprotein profiles and increased risk of cardiovascular disease of patients with diabetes and renal failure, in part by preventing apolipoprotein B (apoB)-mediated cellular uptake of low density lipoproteins (LDL) by LDL receptors (LDLr). It has been proposed that AGE modification at one site in apoB, almost 1,800 residues from the putative apoB LDLr-binding domain, may be sufficient to induce an apoB conformational change that prevents binding to the LDLr. To further explore this hypothesis, we used 29 anti-human apoB mAbs to identify other potential sites on apoB that may be modified by in vitro advanced glycation of LDL. Glycation of LDL caused a timedependent decrease in its ability to bind to the LDLr and in the immunoreactivity of six distinct apoB epitopes, including two that f lank the apoB LDLr-binding domain. ApoB appears to be modified at multiple sites by these criteria, as the loss of glycation-sensitive epitopes was detected on both native glycated LDL and denatured, delipidated glycated apoB. Moreover, residues directly within the putative apoB LDLr-binding site are not apparently modified in glycated LDL. We propose that the inability of LDL modified by AGEs to bind to the LDLr is caused by modification of residues adjacent to the putative LDLr-binding site that were undetected by previous immunochemical studies. AGE modification either eliminates the direct participation of the residues in LDLr binding or indirectly alters the conformation of the apoB LDLr-binding site.
Nonenzymatic protein glycation by glucose is a physiological process that proceeds through a complex cascade of reactions which generate a heterogeneous mixture of products termed advanced glycation end products (AGEs) (1, 2) . AGEs are believed to contribute to the pathogenesis of diabetes (3, 4) and neurodegenerative amyloidal diseases such as Alzheimer's disease (5, 6) . As nonenzymatic glycation is thought to also occur in normoglycemic individuals, albeit at a slower rate than in diabetic subjects, AGEs have also been proposed to contribute to the pathogenesis of aging (7, 8) . The generation of AGE-modified proteins in the circulation is thought to result only, in part, from a direct interaction of glucose with serum proteins. Serum proteins can also be modified by low molecular weight, highly reactive AGE peptides that are present in the circulation, particularly under conditions of impaired renal function (9, 10) . These are degradation products of AGEmodified proteins that are released into the blood stream and are normally cleared by the kidneys. AGE-modified serum proteins prepared in vitro have been shown to be toxic, immunogenic, and capable of triggering cellular injury responses after uptake by specific cellular receptors. (11, 12) . In vivo, AGEs can cause alterations to the extracellular matrix including cross-linking of collagen, thickening of basement membranes, and the covalent binding of plasma proteins including low density lipoproteins (LDL) and Ig (13) .
It is well recognized that individuals with diabetes and renal insufficiency are at an increased risk for the development of atherosclerosis (14) . Plasma lipoprotein profiles are frequently abnormal in these conditions with an elevation in the level of the apolipoprotein B (apoB)-containing lipoproteins, including LDL. Defective lipoprotein uptake and metabolism in diabetic patients have been demonstrated (15) , and the uptake and degradation of LDL isolated from diabetic subjects by normal fibroblasts has been shown to be impaired (16) . LDL modified by in vitro incubation with glucose shows retarded intravascular clearance in humans (17) and animals (18) , and reduced LDL receptor (LDLr)-mediated binding and uptake is also shown by cultured human fibroblasts (17, 18) . Similarly, in transgenic mice that express the human LDLr, there is impaired clearance of LDL that had been pre-exposed to AGE peptides (19) . Although there is reduced uptake of AGEmodified proteins via the LDLr, cell surface receptors for the AGE moiety are present on a number of cell types including monocytes, macrophages, and endothelial cells (9) . Two receptors have recently been identified that can mediate the uptake of AGE-modified proteins, the class A scavenger receptor (20) and the receptor for AGE (RAGE) (21) . Binding of AGE-modified proteins to the AGE receptors triggers a number of cellular responses that could contribute to AGEassociated pathogenesis (13) .
A major site for AGE modification within the apoB primary structure has recently been identified (22) . Although this site is distant from the putative apoB LDLr-binding domain, it has been proposed that AGE modification at this site provokes a change in the conformation of apoB that prevents its binding to the LDLr. In the present study we have used a panel of 29 well-characterized anti-apoB mAbs to demonstrate that in vitro glycation of LDL results in modification at multiple sites in apoB, including two that lie in close proximity to the apoB LDLr-binding domain.
immediately with 1 mM EDTA, 20 M butylated hydroxytulene (BHT), 0.5 mM phenylmethanesulfonal fluoride, and 0.02% sodium azide. LDL (density 1.019-1.063 g͞ml) was isolated by sequential ultracentrifugation at 40.000 rpm for 18 h (23). AGE-LDL was prepared by incubating LDL (2 mg͞ml) with 200 mM glucose at 37°C for up to 2 weeks in PBS containing 1 mM EDTA and 20 M BHT with or without 300 mM aminoguanidine (22) . Control LDL was incubated under the same conditions without glucose or aminoguanidine. After incubation, the LDL was dialyzed against PBS containing 1 mM EDTA and 0.02% NaN 3 . For the time course of glycation, aliquots of LDL were incubated at 37°C, and glucose was added to individual samples at t 0 or after 4, 8, or 12 days to the final concentration of 200 mM. After 16 days of incubation all LDL were dialyzed as above. LDL was reductively methylated by the method of Weisgraber et al. (24) .
LDLr-Binding Assay. Glycated or control LDL were tested for their ability to compete with 125 I-native LDL (25) for binding to the LDLr on the surface of cultured human fibroblasts as described (26) . In short, 125 I-LDL (3 g͞ml) and the appropriately diluted competitor LDL, in a total volume of 1 ml, were incubated for 3 h at 4°C with cultured human fibroblasts. Bound 125 I-LDL was determined, and the ratio of bound radioactivity in the presence of competitor to that in the absence of competitor was plotted as a function of the concentration of the competitor.
mAbs. The characterization of anti-human apoB (refs. 26 and 27; X.W. and R.M., unpublished data) and anti-AGE (22) mAbs have been described elsewhere. The rabbit antipeptide antiserum specific for apo B residues 3,352-3,371 was kindly provided by Tom Innerarity (Gladstone Institute of Cardiovascular Disease) (28) .
Competitive Radioimmunometric Assay (RIA). The competitive apoB RIA has been described previously (29) . Immulon II Removawells (Dynatech) were coated by an overnight incubation with 200 l of reference LDL (30 g͞ml in 5 mM glycine, pH 9.2). Plates were washed with a solution of 0.15 M NaCl containing 0.025% Tween 20 (Tween-saline) and then subsequently saturated by incubation for 1 h with 250 l of 1% BSA in PBS, pH 7.4 (PBS-BSA). Serial dilutions (150 l) of test LDL were prepared in separate microtiter plates to which was added 150 l of anti-apoB mAb appropriately diluted in PBS-BSA. After a 2-h incubation, 200 l of the LDL-mAb mixture was transferred to the LDL-coated Removawells. The plates were incubated overnight and again washed with the Tween-saline solution. Two hundred microliters of 125 I-goat anti-mouse IgG diluted to 70 ng͞ml in PBS-BSA was added to each well and incubated overnight. The wells then were washed with the Tween-saline solution as above and counted for bound radioactivity.
Western Blotting Analysis. LDL samples were subjected to SDS͞PAGE (3-10% gradient) and were electrophoretically transferred to nitrocellulose paper (30) . The nitrocellulose membranes were exposed to diluted anti-human apoB or anti-AGE mAbs or polyclonal anti-apoB peptide antibodies and then to the appropriate affinity-purified, horseradish peroxidase-conjugated anti-Ig secondary antibody. Bound Ig was detected by using an ECL kit (Amersham).
Other Analytical Methods. Protein concentration of the LDL was measured by the method of Lowry by using BSA as a standard (31) . Free amino groups on LDL were estimated by the trinitrobenzenesulfonic acid (TNBS) method (32) by using valine as a standard. The relative LDL surface charge was assessed by agarose gel electrophoresis at 150 V for 30 min (Beckman).
RESULTS
To study the structural and functional alterations that result from LDL glycation, freshly isolated LDL was incubated for 14 days at 37°C under sterile conditions in the presence of 200 mM glucose, anti-oxidants, and protease inhibitors. LDL was also similarly incubated in the absence of glucose and in the presence of both 200 mM glucose and 300 mM aminoguanidine, an inhibitor of advanced glycation (33) . Although a glucose concentration of 200 mM is nonphysiological, it has been shown to generate an AGE modification of LDL that is immunochemically related and comparable in concentration to that observed in patients with diabetes or renal insufficiency (19, 34) . In three experiments the TNBS reactivities of LDL incubated with glucose or with both glucose and aminoguanidine were reduced by 42 Ϯ 6% and 8 Ϯ 4%, respectively, compared to LDL incubated in the absence of glucose. Even at the highest concentration tested (160 g͞ml), LDL that had been incubated with glucose could not compete with 125 I-LDL for binding to the LDLr of cultured human fibroblasts (data not shown). LDL that had been subjected to the glycation conditions in the presence of aminoguanidine retained about 50% of the LDLr-binding activity of LDL incubated in the absence of glucose. These results are similar to those previously reported (22) .
It has been proposed that AGE modification of one or more Lys residues between apoB residues 1,388 and 1,454 induces a conformational change in the apoB LDLr-binding site that impairs its interaction with the LDLr (22) . To define the immunochemical changes of apoB that accompany LDL glycation, we tested LDL that had been subjected to glycation in the presence or absence of aminoguanidine in a solid-phase RIA by using a panel of 29 well-characterized anti-apoB mAbs. Complete competition curves for four of the mAbs from one experiment are presented in Fig. 1 , and the ED 50 values for all antibodies with LDL obtained from two normal subjects are shown in Fig. 2 , together with an apoB epitope map. Whereas glycated LDL are as reactive as LDL that had been incubated in the absence of glucose with certain mAbs (e.g., 1D1), for other mAbs they are much less reactive than nonglycated LDL (e.g., 2D8, B4, and 4G3). Interestingly, one of the epitopes that is particularly sensitive to glycation, 2D8, has been mapped to a region (residues 1,438-1,481) that overlaps the major site of AGE modification of apoB. Other epitopes, 4G3 and 588, that are glycation-sensitive are close to the putative apoB LDLrbinding site. Aminoguanidine completely or partially prevented the loss of immunoreactivity of most epitopes that are sensitive to glycation. In contrast to other glycation-sensitive epitopes, however, the 2G4 epitope could not be protected by aminoguanidine.
The loss of immunoreactivity of epitopes close to the apoB LDLr-binding site could result from either glucose-mediated modification of residues that comprise the respective epitopes themselves or from changes in the conformation of these epitopes that are secondary to AGE modification of Lys residues between apoB residues 1,388-1,454. To distinguish between these two possibilities we analyzed the samples for their reactivity with the mAbs on Western blots. As seen in Fig.  3A , antibodies that showed a decreased reactivity with glycated LDL in the solid phase RIA also showed decreased reactivity with glycated apoB on Western blots. As it would be improbable that changes in epitope expression that are secondary to changes in apoB conformation could be detected by antibodies after SDS electrophoresis of LDL, the loss of reactivity of the mAbs most likely reflects direct modification of these epitopes. A mAb specific for the AGE moiety, 4G9 (22) , also was found to react strongly with glycated apoB and very weakly with LDL that had been incubated without glucose or in presence of aminoguanidine.
ApoB residues 3,359-3,367 are believed to participate directly in binding to the LDLr (35, 36 ). Accordingly, we tested the reactivity of an antiserum prepared against a synthetic peptide that represents apoB residues 3,352-3,371 with glycated LDL and LDL that had been modified by reductive (Fig. 3B) . The antibody recognizes glycated but not reductively methylated LDL. Therefore, although lysine residues contribute to the epitope(s) recognized by this antiserum, they are not modified by glycation. In contrast, the 278 epitope is insensitive to both glycation and reductive methylation.
To study the time course of modification of epitopes of apoB and the loss of LDLr-binding capacity by glycation, we incubated LDL with 200 mM glucose for 4, 8, 12, and 16 days. A decrease in the ability of glycated LDL to compete with 125 I-LDL for binding to the LDLr was detectable after only 4 days of glycation and showed a further progressive loss of activity over the subsequent 12 days (Fig. 4) . There was also a time-dependent loss of immunoreactivity of glycation-sensitive epitopes as detected by either Western blotting (Fig. 5) or RIA (data not shown).
DISCUSSION
Basic residues of apoB are known to be critical for binding to the LDLr. This result was originally deduced from the observation that chemical modification of either Arg or Lys residues in apoB prevents binding of LDL to the LDLr (24) . This finding could reflect modification of basic residues within the apoB LDLr-binding site or a change in apoB conformation caused by modification of residues elsewhere in the molecule. As Lys residues are the primary targets of AGE modification, either mechanism could also be responsible for the inability of glycated LDL to bind to the LDLr. Consistent with an indirect effect of AGE modification on apoB-mediated binding to the LDLr, it has been demonstrated recently that a major site of apoB modification by AGE is located between residues 1,388 and 1,455, some 1,791 residues upstream of the putative apoB LDLr-binding domain (22) . Based on this observation, it was proposed that AGE modification in the region of residues 1,388-1,455 induces a change in conformation of the apoB LDLr binding site. In the case of apoB there are precedents for such a mechanism. A natural apoB variant that is characterized by an Arg-3500 3 Gln substitution is defective in its binding to the LDLr and is responsible for the condition known as familial defective apoB (37) . Although Arg-3500 does not apparently form part of the apoB LDLr-binding site, the replacement of Arg-3500 by Gln is thought to induce a conformational change that perturbs apoB-mediated binding to the LDLr (38) .
The results presented here show that the expression of a number of apoB epitopes is altered in glycated apoB. These include both epitopes that are both close to and distant from the major site of apoB AGE modification. The 2D8 epitope (residues 1,438-1,481), which has been mapped to a region that overlaps the major AGE modification site on apoB, is sensitive to advanced glycation. In spite of this proximity, the 2D8 epitope and the major site of apoB AGE modification do appear to be distinct. We have observed that inclusion of the 2D8 mAb during the glycation of LDL could protect the 2D8 epitope from modification but could prevent neither the acquisition of AGE immunoreactivity nor the loss of LDLrbinding activity of the apoB (X.W. and R.M., unpublished observation). Two of the mAbs, 4G3 and 588, that show reduced affinity for glycated apoB are specific for epitopes (residues 2,980-3,084 and 3,687-4,081, respectively) that flank the putative apoB LDLr-binding site and can block apoBmediated binding to the LDLr. Other glycation-sensitive epitopes are located between residues 1,854-1,878 (B4), 1,880-2,100 (3A5), 2,148-2,375 (2G4), and 4,342-4,536 (234). In all cases the loss of expression of these epitopes in glycated LDL is apparent both in RIA and after SDS electrophoresis. The loss of reactivity of the epitopes when tested under both native and denaturing conditions therefore indicates that glycation directly modifies residues that compose the epitopes and that the loss of epitope expression is not caused by a change in apoB conformation. This result would imply that the region of apoB comprised by residues 1,388-1,455 is not the only target of modification during in vitro glycation. This finding would be consistent with the respective magnitudes of the loss of TNBS-active Lys residues and the increase in LDL electrophoretic mobility that were observed following glycation (data not shown).
The nonenzymatic glycation of proteins is a complex cascade of reactions that gives rise to a mixture of AGEs that are heterogeneous and poorly characterized. As the identification of residues 1,388-1,455 as a major site of apoB AGE modification in the previous study (22) was based on the reactivity of an AGE-specific mAb, modification of residues elsewhere in apoB may involve AGE adducts that are not recognized by this mAb and͞or by non-AGE modifications. It is notable that the epitope recognized by the anti-apoB mAb 2G4 could not be protected during glycation by aminoguanidine, an AGE inhibitor that is thought to block an early step in advanced glycation. It is possible that reactive AGE-forming intermediates can that were required to obtain 50% of maximum binding (ED50) in the solid-phase RIA. LDL from two subjects (A and B) were modified under the conditions described in the legend to Fig. 1 . The ED50 for LDL that had been incubated in the absence of glucose was normalized to a value of 1 for each mAb. The positions of the epitopes within apoB primary structure recognized by the 29 mAbs are shown (27) (C).
arise from oxidative reactions (glycoxidation) or from initial Schiff base condensation products with protein amino groups rather than from Amadori rearrangement products (39) . It also has been shown that in vitro glycation of LDL can promote lipid oxidation (40) . In spite of the inclusion of antioxidants to the LDL and our inability to detect an increase in lipid peroxides in the glycated LDL, we cannot exclude the possibility that the loss of expression of certain of the epitopes resulted from oxidative modification of apoB.
Although our studies did identify glycation-sensitive epitopes in the proximity of the apoB LDLr-binding site, it is notable that the glycation of LDL did not affect its reactivity with an antiserum specific for apoB residues 3,352-3,371. ApoB residues 3,359-3,367 were initially identified as being potentially implicated in binding to the LDLr by their enrichment in basic amino acids and their homology to the LDLrbinding domain of apoE (35) . The importance of this sequence in binding to the LDLr is now supported by strong experimental evidence (36) . It is possible that glycation-sensitive Lys residues that are situated outside of the sequence 3,357-3,367, directly participate in binding to the LDLr. Alternatively, as was previously proposed (22) , the inability of glycated LDL to bind to the LDLr may result from an apoB conformational change that is secondary to the modification of residues outside of the apoB LDLr-binding site. As we have demonstrated that the expression of epitopes distributed throughout apoB primary structure is decreased in glycated LDL, however, it is no longer necessary to attribute this putative conformational change only to the modification of residues distant from the LDLr-binding site. Modification of Lys residues in close proximity to the apoB LDLr-binding site may, in fact, be primarily responsible for the decreased uptake of LDL modified by advanced glycation.
